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SUMMARY 
The gas release from a recoil-bombarded sphere of inert material 
on annealing at a given temperature is calculated. 
Two sources of recoil gas atoms are considered : one of infinite 
width, the other infinitesimally thin compared to the recoil range in 
the source. Some additional results are presented for the release from 
a recoil-bombarded cylinder. 
Derived equations are given and values of the fractional release, F, 
are tabulated and reproduced in figures using results obtained from a 
standard 7090 IBM electronic computer. 
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Introduction 
This report concludes the calculations started in a 
previous report (1) which gives the time dependence of the 
release of recoil gas atoms from a slab (infinite plane sheet) 
during post-bombardment annealing. In the present report, we 
will consider the release from a sphere in detail and will 
give some additional data for release from an infinite cylinder. 
Two different initial distributions are considered: the gas 
atoms are assumed to have .recoiled into the sample either from 
an infinitely thick source (with respect to the recoil range 
in the source) or an infinitesimally thin source. The first 
distribution is experimentally verified by embedding the solid 
into a uranium bearing matrix. During reactor irradiation, 
the solid is labelled with the fission rare gases Kr and Xe. 
The second distribution is verified by adsorbing a thin layer 
of Ra-226 on the solid. During the α-decay, the daugther 
product Rn-222 is recoiled into the solid. 
We will assume the following: inert material, no diffusion 
before annealing, reaching the prescribed temperature 
"instantaneously", constant diffusion coefficient, zero 
surface concentration at all times, stable recoil gas atomso 
The derived equations are presented. Using values 
obtained from a standard 7090 IBM electronic computer, the 
fractional release, F, is tabulated and shown graphically 
related to a dimensionless function of the diffusion 
coefficient. Comparison with literature and experiments is 
made. 
The calculations can easily be extended to a radioactive 
nuclide by a simple correction factor. 
Manuscript received on May 16, 1967. 
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I. The Mathematical Problem 
1 . The diffusion of gases following irradiation or bombardment 
in a solid sphere or an infinite cylinder is described by 
the following differential equation 
at \dv2 r 3r 
with ν = 2 for the cylindrical and ν = 1 for the spherical 
geometry. 
We assume the surface concentration to be zero, hence 
c(a,t) = 0 
where a is the radius of the solid. 
Furthermore, we use the boundary condition 
c(r,0) = f(r) = distribution of recoil atoms in the 
solid 
The solution of these problems can be obtained by standard 
methods (2). 
2. Solution for the sphere 
oo a ν , ™ » c ( r , t ) = ¿ ^ s i n ψ e x p ( ­ * ^ ) j Q r ' f ( r « ) s i n ^ d r ' 
(2) n=1 
or 
+CO 
c ( r , t ) = 1 V / ^ r ' f í r ' ) χ 
2r^XDt ί—j Jo 
n=—oo 
* [βχρ(- ^ ^ ) 2 - exp(- S s a g ^ l ƒ J d r , ( a . , 
Eg. ( 2 1 ) i s u s e f u l f o r smal l v a l u e s of D t / a a . 
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3· Solution for the cylinder: 
n=1 * n ( 3 ) 
where h_ are the roots of the equation, *L(lO = 0 · 
II· Distribution of Recoil Atoms 
The distribution of recoil atoms in a sphere of radius 
a may be derived in a way similar to that described in ref. (1 ) 
for the case of a slab. The fraction of recoil atoms which pass 
through the unit area of the sphere from those recoiled from 
the volume V of the source is given by 
B - Q ƒ S22-* dV tø) 
h krrta 
where Q is the number of atoms in each unit of volume of the 
source. The region V from which the recoil atoms can strike 
the surface of the sphere is bounded by 
0 <-φ < Φ and r. < r1 < r. + r„ (5) 
where cos φ s - , a a-R a-r 8 2Rr 
r. = Λ/β3-Γ8β1ηζφ - r cos φ 
R'(1 - Β ' infinite source with the 
assumption of linear energy loss 
r 2 
aAa, infinitesimal source of depth Aa. 
^Λ/β8-Γ8β1η8φ 
R and R' (R1 < a) are, respectively, the recoil ranges in the 
sphere and in the source· 
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The distribution of recoil atoms is given by the 
concentration of recoil atoms coming to rest at a given 
location: 
f (r) = ^  £ (r*B) (6) 
After some lenghty calculations the following expressions 
for f(r) result 
Gjil j­(Ra­a ) + 2 R + r] (infinite source) 
f(r) = 
Ο­Ρ& . — (infinitesimal source) 
for a ­ R < r < a 
2R * r 
f(r) = 0 for 0 < r < a ­ R 
(7) 
As an approximation for R << a, a uniform concentration might 
be assumed in the bombarded reãion, i.e. 
f(r) = const. for a ­ R < r < a 
f(r) = 0 for 0 ^ r «s a ­ R 
For the infinite cylinder, only this case will be treated as 
the above type of derivations become more complicated. 
Furthermore, less experimental work is done using the 
cylindrical geometry. Hence, the above case can be considered 
a useful approximation for this case. 
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III. The fractional Gas Release 
The fractional gas release, F(t), is defined by 
F(t) = 1 ­ ^  (8) 
c(0) 
where c(t) = / c(r,t)dV with V = volume of the solid. 
After straight forward but lengthy calculations and with 
the use of dimensioniess parameters β = R/a and τ2 = Dt/a2, 
we have; 
for a sphere and the infinite source 
oo 
F(t) = 1 8U \ JL fjL /Bln η π β + 1­cosn,ß\ _ 2 1 
β2(β2-12)π2 L η 2 Ι η π V η ΐ y J 
n=1 
x exp (- η2π2τ2) (9) 
for a sphere and the infinitesimal source 
oo 
F(t) = 1 ^ V -^ - (1-cos ηπβ) exp (- η2π2τ2) (9*) 
β(2-β)π2 L·, η2 
n=1 
for a sphere and a rectangular profile 
oo 
F(t) = 1 \ -i- !ηπ-(ΐ-β)ηπ cos n%&- βΐηηπβ χ 
π3(β3-3β2+3β) L· η3 L J 
n=1 
χ exp (-η2π2τ2) (9") 
For β = 1 , i.e. a uniform distribution eq.. (9") is easily seen 
to yield the usual solution (2) for a homogeneously labelled 
sphere 
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oo 
F(t) = 1 ­ ­£­ V ­L exp (­ η2π2τ2) 
π2 Ζ—/ η 2 
η=1 
For the infinite cylinder having a rectangular profile 
P(t) . , ­ - L - f J­ U ­ J 1 ( > ^ f } (i­« j exp (­ φ ) 2^­β2 ¿ J h2 I « V V J n 
n=1 
(10) 
Again, for β = 1, eg., (io) yields the known (2) solution for 
a homogeneously labelled cylinder 
oo 
F(t) = 1­4 y ­1­ exp (­ h2t2) L> h2 n 
n=l ^ 
IV. Comparison with literature 
This report concludes the calculations started previously. 
These earlier calculations are summarized in ref. (ï) which 
gives greater details. A large amount of experimental work has 
been done on the release of gases from spheres when the 
distribution was uniform, as occurs, for example, by irradiation 
in a reactor. Therefor^ the kinetics for the release for this 
case have been tabulated before (3> k) · In contrast, very little 
calculations have been done with types of concentration profiles 
used here though a variety of experiments has been published 
(5 — 8). The gas release from a sphere surrounded by an infinitely 
thick source has been calculated elsewhere (7» 9) and has 
yielded results similar to these obtained here. 
V. Comparison with experiments 
The concentration profiles considered here have been 
obtained either by adsorbing a thin layer of Ra­226 on the 
surface of the solid (8, 10, 11) or by irradiating the solid 
in a matrix of U or U02 (e.g. 5­7» 10, 11). In the first case, 
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the daughter product Rn-222 penetrates the solid by means of 
the α-recoil energy of about 85 keV; in the second case, the 
fission product gases Kr or Xe enter the solid by recoil with 
the fission energy of about 80 MeV. 
The distribution of the injected atoms could not be 
determined experimentally because of the difficulty of 
applying any sectioning or stripping technique to a solid 
having spherical (or cylindrical) geometry. However, the 
experimentally observed gas release curves for both Rn-222 
and fission-Xe-133 show good agreement with the theoretical 
curves, as long as the gas concentration is low enough to 
exclude trapping phenomena (see refs. (12, 13). As examples, 
fig.5 gives experimental results for the infinite, fig.6 for 
the infinitesimal source. In both cases, the experimental release 
is seen to follow satisfactorily the theoretically expected 
time dependence. The shift of release towards higher values 
of t for β < 1 represents the diffusion into the unlabelled 
interior of the solid. 
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Fig. 1 
Fractional release, Ρ, as function of τ/β for a 
sphere with a concentration of the type f(r) = — (a+br+cr ). 
This case corresponds to an infinite source of recoil 
atoms. 
(β = 1.00, 0.75, 0.50, 0.25, 0.10, 0.01 ~ 0.001) 
Pig. 2 
Fig. 2 
Ρ as function of t/ß for a sphere with an initial con­
centration profile of the type f(r) = l/r. This case 
corresponds to an infinitesimally thin source of recoil 
atoms. 
(ß= 1.00, 0.75, 0.50, 0.25, 0.10, 0.01) 
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Fig. 3 : F as function of τ/β for a sphere with a concentration 
profile of the type f(r) = const, for a ­R < r< a. 
This case may be used as an approximation lor R << a. 
(β = 1.00, 0.50, 0.10, 0.01) 
Fig. 4 : F as function of t/ß for an infinite cylinder with a 
concentration profile of the type f(r) = const, for 
a ­ R < r < a. This case may be used as an approximation 
for R << a. 
(β = 1.00, 0.50, 0.10, 0.01 ) 
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i'lg. 5 : Observed fractional release, F, of Xe - 1 i>~i from 
(spherical) CaP2 particles irradiated in a U02 
matrix. The full symbols represent the condition 
β = 1, the open symbols are for β = 0.25· The drawn 
lines are the theoretical curves. 
/TOT 
Fig. 6 Observed fractional release, F, of Rn - 222 from 
(spherical) U,0fi particles labelled by α-recoil from 
an adsorbed thin layer of Ra-226. The full symbols 
represent the condition β = 0.75, the open symbols 
are for β = 0.25. The drawn lines are theoretical curves 
Table 1 : Ρ as function of τ/β for a sphere and a concentration 
of the type f ( r ) = J (a+br+cr2). 
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Table 2 : Ρ as function of τ/β for a sphere and a concentration 
of the type f(r) = l/r. 
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